collateral branches in the dorsal horn (LaMotte et al.,
The lesion site could be seen in up to 10 consecutive 50 m horizontal sections and was associated with a superficial swollen cap of scar tissue bridging the lesion and, in many cases, large CSF-filled cysts that extended proximal and distal to the lesion. Rostro-caudally, the lesion typically extended about 2.5 mm. Rostral to the injury site, the dorsal columns were filled with demyelinated axonal debris.
Failure of Axonal Growth after Dorsal Column Lesions
Six to eight weeks after a dorsal column lesion, no regenerative response of the ascending dorsal column sciatic axons was ever observed-all axons stopped quite dead at the injury site (n ϭ 6) ( Figure 2A ). Short sparse axonal sprouts were found proximal to the lesion in a few cases, particularly in relation to cysts ( Figure 2B ), but no growth into or beyond the lesion was detected in any of these animals ( Figures 2A and 2B ). The injured axons occasionally generated large retraction-bulb-like swellings ( Figure 2B ). Two animals were investigated 1 year following the dorsal column injuries, and in these, no difference from the 2 month survival time could be detected; all labeled fibers still stopped at the lesion site ( Figure 2C ). The density of the fiber tract label in these cases was not diminished, indicating that minimal retraction or atrophy of the nonregenerating fibers had occurred.
Regeneration into the Lesion Site after Dorsal Column Section with a Concomitant Sciatic Nerve-Conditioning Lesion
When the dorsal column lesions were accompanied by a simultaneous lesion of the sciatic nerve, the results Figure 1A) , which was also found, with massive growth of many of the transected fibers directly across the lesion boundary ascends all the way up the spinal cord in the gracile dorsal funiculus, ipsilateral to the labeled nerve, to the into the substance of the lesion, along the walls of cysts within the lesion, into dorsal roots incorporated into the gracile dorsal column nucleus. In addition to segmental collaterals in the L4, 5, and 6 segments of the lumbar lesion, and on the surface of the cord beyond the lesion ( Figures 3A and 3B ). The fibers on the surface of the spinal cord, collaterals innervating Clarkes nucleus branch off the stem axons in the upper lumbar and lower thospinal cord and in the dorsal roots grew rostral to the lesion for up to 6 mm. In contrast, although relatively racic segments. Rostral to T8, the tract in the dorsal columns is, though, an unbranched tightly bundled colmassive growth was found in all cases within the lesion site, growth into the denervated dorsal columns or into lection of fibers located in a topographically restricted location ( Figure 1B) . the gray matter within the spinal cord rostral to the lesion was not observed in any of these animals. In many cases, the growth in the lesion was directed in the same Dorsal Column Lesions Lesions were performed by physically sectioning the plane as the lesion, i.e., at right angles to the normal trajectory of the fibers enabling the fibers to reach the entire area between the dorsal root entry zones on either side of the T6-7 thoracic spinal cord with an ophthalmic cord surface ( Figure 3A) . The lesion actually seemed to act not as a barrier, but as a guidance cue to the tungsten steel microscissors, producing a physical bilateral dorsal column lesion (see Figure 1B) . In the dorsoregenerating fibers. Another prominent feature in all animals was particularly extensive growth on the most ventral dimension, the lesion extended down to the central canal completely transecting the entire dorsal column.
superficial portion of the lesion, on its surface, forming site in the gray matter or at the border between the gray and white matter ( Figure 5C ). Conditioning the ipsilateral The regenerating fibers rostral to the lesion in these animals tended to avoid the denervated dorsal columns, sciatic nerve 2 weeks after the dorsal column lesion resulted in a failure of any substantial regeneration at remaining in the gray matter. The second pattern of growth, in the remaining 50% of the group, included the injury site in all the six animals tested. In order to examine whether the growth observed into invasion of the lesion site by injured fibers. This pattern was similar to that observed with concomitant condiand beyond the lesion site was specifically due to increased growth capacity of the severed axons and not tioning lesions, except in these animals the fibers continued to grow beyond the rostral border of the lesion site a systemic effect of the peripheral nerve injury, one group of animals had concomitant dorsal column and into gray matter and, to a more limited extent, the white matter, and ascended up the spinal cord for several contralateral sciatic nerve lesions (on the right side) (n ϭ 4), and another had a contralateral sciatic nerve lesion millimeters ( Figure 4B ).
Substantial numbers of fibers managed to traverse 1 week prior to the dorsal column lesion (n ϭ 4). In both groups, lesioning the contralateral sciatic nerve lesion the lesion with this preconditioning lesion, but no evidence of terminal label in the dorsal column nuclei was produced no effect on the pattern of growth of sciatic central axons labeled on the opposite side. The result found, so that it is unlikely that significant numbers of axons reached their normal target 6-8 weeks after the was identical to that of a dorsal column only lesion , 1996) , and now we have shown that altering intrinsic growth status enables injured central axons to grow into and beyond a lesion site within the CNS. This growth is specifically related to changes in the injured fibers since severing the contralateral sciatic nerve resulted in an abortive regenerative response. The lack of a permissive growth environment is not by itself, therefore, an absolute impediment for regeneration, and it is possible to alter DRG cells so that they can acquire the capacity to regenerate through and beyond lesions.
Like the corticospinal tract, which Schwab and colleagues have managed to encourage to grow using an anti-myelin protein antibody (Schnell and Schwab, 1990) , regenerating dorsal column fibers prefer to regenerate A number of different patterns of growth were observed that depended crucially on the timing of the con-DRG explants after preconditioning lesions was consisditioning lesion. In the case of concomitant conditioning tently increased compared to DRG explants from control lesions, extensive growth directly into the lesion site animals prepared at the same time (Figure 7) . occurred in all cases. One explanation for such growth might be that Schwann cells infiltrated the lesion during Discussion its production. This is highly unlikely, however, because this would take place with or without a conditioning Injuring the dorsal columns in the adult rat spinal cord lesion, and no regenerative response was ever detected in the absence of any conditioning lesion results in no in the dorsal column lesion only or the contralateral regeneration or growth of the sectioned dorsal column nerve injury group. In addition, we have found no indication of Schwann cell infiltration of the lesion site, fibers either proximal to or into the lesion site. These comparing S100 and GFAP immunostaining (data not et al.
, 1995), injured dorsal column lesions failed to reshown). No growth into the denervated dorsal columns generate in the way seen with peripheral nerve-condior the gray matter rostral to the lesion was ever found tioning lesions (Neumann and Woolf, unpublished data). in animals with concomitant nerve lesions. Growth into
The in vitro explant study shows that preconditioning injured dorsal roots and along the surface of the spinal peripheral nerve lesions increase the capacity of DRG cord for several millimeters beyond the lesion occurred, neurons to extend neurites. These results strongly sughowever, in many cases. The lack of growth into the gest that the increased capacity of the central branches denervated dorsal columns may be the consequence of primary sensory neurons to regenerate in vivo beyond either of the formation of an impenetrable substrate barthe lesion site is due, at least in part, to an enhanced rier at the interface between the lesion site and the intrinsic growth state. Increased growth capacity followdenervated tissue due to the inflammatory and glial reing peripheral axotomy has been observed using dissosponse to the injury by substrate molecules such as ciated cells (Hu-Tsai et al., 1994; Smith and Skene, 1997) chondroitin sulfate (Pindzola et al., 1993) , or to the presand in DRG explants from young mice (Edstrom et al., ence of growth-repellent molecules in the denervated 1996). By studying axonal growth in preconditioned DRG tissue, such as contained in oligodendrocyte myelin explants cultured in the absence of NGF, we were able to (Schwab and Bartholdi, 1996) . A key question then is detect conditioned growth of non-NGF-responsive fibers, why did a preconditioning lesion permit growth beyond many of which, the TrkB-and C-expressing, will be presthe lesion? ent in the dorsal columns (Wright and Snider, 1995) .
Growth beyond the lesion site toward the brain in
In addition to an increase in growth capacity produced animals with preconditioning lesions involved either a by the peripheral preconditioning lesion, there may also circumnavigation by the injured fibers of the lesion via be a reduced detection by the central axons of growththe gray matter or a direct growth into and then beyond repellent substrate or soluble inhibitory cues present at the lesion. Growth in the gray matter proximal to the the lesion site. This could result from a downregulation lesion occurred in some cases with fibers growing down of receptors for such molecules in the sensory neurons the contralateral dorsal horn, an aberrant site and in a following the nerve lesion. Nevertheless, the neurites direction opposite to normal. What factor determined in are still likely to be subject to inhibitory influences, and an individual animal whether the fibers grew into or it is the balance between intrinsic growth capacity and around the lesion is not known but may relate to the inhibitory cues that is likely to determine the extent of extent of the physical gap created by the lesion, how regeneration. quickly the lesion was filled in by cellular infiltrate and extracellular matrix, and the extent of the inflammatory Conclusions response. If the gap was too extensive to penetrate at The intrinsic growth capacity of DRG neurons is an imthe time the fibers started to grow, they may have grown portant factor that contributes to the ability of the central down the only route available to them-ventrally into the branches of these neurons to regenerate after injury. gray matter-and then managed to bypass the lesion site.
Injured central Growth of embryonic retinal neurites elicited by contact with Schwann cell surfaces is blocked by antibodies to L1. Exp. Neurol.
